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The  development  of  new  approaches  to  combat  anthrax  requires  that  the  pathogenesis  and  host  response  to 
Bacillus  anthracis  spores  be  better  understood.  We  investigated  the  roles  that  macrophages  and  neutrophils 
play  in  the  progression  of  infection  by  B.  anthracis  in  a  mouse  model.  Mice  were  treated  with  a  macrophage 
depletion  agent  (liposome-encapsulated  clodronate)  or  with  a  neutrophil  depletion  agent  (cyclophosphamide 
or  the  rat  anti-mouse  granulocyte  monoclonal  antibody  RB6-8C5),  and  the  animals  were  then  infected  intra- 
peritoneally  or  by  aerosol  challenge  with  fully  virulent,  ungerminated  B.  anthracis  strain  Ames  spores.  The 
macrophage-depleted  mice  were  significantly  more  susceptible  to  the  ensuing  infection  than  the  saline- 
pretreated  mice,  whereas  the  differences  observed  between  the  neutropenic  mice  and  the  saline-pretreated 
controls  were  generally  not  significant.  We  also  found  that  augmenting  peritoneal  neutrophil  populations 
before  spore  challenge  did  not  increase  resistance  of  the  mice  to  infection.  In  addition,  the  bacterial  load  in 
macrophage-depleted  mice  was  significantly  greater  and  appeared  significantly  sooner  than  that  observed  with 
the  saline-pretreated  mice.  However,  the  bacterial  load  in  the  neutropenic  mice  was  comparable  to  that  of  the 
saline-pretreated  mice.  These  data  suggest  that,  in  our  model,  neutrophils  play  a  relatively  minor  role  in  the 
early  host  response  to  spores,  whereas  macrophages  play  a  more  dominant  role  in  early  host  defenses  against 
infection  by  B.  anthracis  spores. 


Bacillus  anthracis  is  the  etiological  agent  of  anthrax  and  a 
proven  agent  of  bioterrorism  (12,  16,  27,  41).  B.  anthracis 
sporulates  in  the  presence  of  environmental  stresses,  such  as 
inadequate  nutrient  supply  or  desiccation  (31).  The  spore,  the 
infectious  form  of  the  organism,  can  remain  dormant  and  vi¬ 
able  for  decades  until  favorable  conditions  are  encountered. 
Upon  infection,  the  spore  germinates  (42)  and  begins  to  out¬ 
grow  into  toxin-producing  (2,  4),  replicating  bacilli,  which  can 
ultimately  kill  the  infected  host  (26).  Little  information  exists 
concerning  the  earliest  stages  of  spore  germination  in  vivo  and 
the  nature  of  the  host  response  to  the  spores.  It  has  been 
proposed  that  macrophages  phagocytose  spores,  promote 
spore  germination,  and  play  a  role  that  has  been  likened  to  a 
“Trojan  horse”  during  an  infection  with  B.  anthracis  spores  (11, 
21-24,  30).  However,  macrophages  have  also  been  shown  to  be 
sporicidal  in  vitro  (3,  47,  59,  60,  64)  and  have  a  protective  role 
for  the  host  infected  with  B.  anthracis  spores  (7). 

Neutrophils  are  widely  considered  the  first  responders  to  an 
infection  and  can  be  observed  at  sites  of  infection  significantly 
sooner  than  migrating  macrophages  (38).  The  roles  of  neutro¬ 
phils  during  an  infection  with  B.  anthracis  also  remain  unclear. 
The  few  accounts  available  suggest  that  they  may  play  a  more 
minor  role,  secondary  to  that  of  macrophages,  in  host  defenses 
against  anthrax  (20,  50,  64).  Nevertheless,  the  relative  role  of 
these  phagocytes  in  the  host  response  and  their  possible  inter¬ 


*  Corresponding  author.  Mailing  address:  Bacteriology  Division, 
U.S.  Army  Medical  Research  Institute  of  Infectious  Diseases  (USAM¬ 
RIID),  1425  Porter  Street,  Fort  Detrick,  Frederick,  MD  21702.  Phone: 
(301)  619-4930.  Fax:  (301)  619-2152.  E-mail:  susan.welkos@amedd 
.army.mil. 


actions  during  the  response  to  B.  anthracis  in  vivo  remain 
equivocal. 

Mice  that  are  treated  with  clodronate-containing  liposomes 
experience  a  significant  depletion  of  their  macrophages  (54, 
55).  We  showed  previously  that  macrophage-depleted  mice 
exhibit  significantly  shorter  mean  times  to  death  and  lower 
survival  rates  when  challenged  with  B.  anthracis  spores  than  do 
mice  retaining  their  native  macrophage  populations  (7).  This 
was  the  case  when  mice  were  challenged  with  spores  either 
parenterally  or  via  an  aerosolized  inoculum  (7).  The  mecha¬ 
nisms  for  this  increased  susceptibility  of  the  macrophage-de¬ 
pleted  mice  were  unknown.  In  the  current  study,  we  further 
characterized  the  in  vivo  germination  rates  and  pathogenesis  of 
B.  anthracis  spores  in  macrophage-depleted  mice.  We  also 
began  to  evaluate  the  roles  of  neutrophils  during  in  vivo  spore 
germination  by  comparing  the  responses  of  neutropenic  and 
normal  mice  to  infection  with  B.  anthracis. 

MATERIALS  AND  METHODS 

Reagents  and  animals.  Dichloromethylene  diphosphonate  (clodronate)  was  a 
gift  from  Roche  (Mannheim,  Germany).  Cyclophosphamide  (Cytoxan)  was  pur¬ 
chased  from  Mead  Johnson  (Bristol-Myers  Squibb  Co.,  Princeton,  N.J.).  The 
hybridoma  cell  line  expressing  the  rat  anti-mouse  granulocyte  monoclonal  anti¬ 
body  (MAb)  RB6-8C5  was  a  gift  of  Robert  Coffman  (DNAX  Research  Institute 
of  Molecular  and  Cellular  Biology,  Inc.,  Palo  Alto,  Calif.).  Hybridomas  were 
grown  using  Integra  CL1000  flasks.  Antibodies  were  collected  from  supernatants, 
immunoglobulin  G  (IgG)  purified  on  a  Sepharose  A  column  via  high-perfor¬ 
mance  liquid  chromatography,  and  stored  at  —  20°C  until  use.  The  antibody 
preparations  were  tested  for  the  presence  of  endotoxin,  and  it  was  determined 
that  there  was  approximately  4  endotoxin  units/mg  of  antibody  (Cambrex,  Walk- 
ersville,  Md.).  Pathogen-free  BALB/c  mice  ( Hc+ )  (62)  were  obtained  from  the 
National  Cancer  Institute,  Fort  Detrick  (Frederick,  Md.).  Pathogen-free  SJL/J 
( Hc+ )  (62)  mice  were  obtained  from  Jackson  Laboratories  (Bar  Harbor,  Maine). 
All  mice  were  female  and  between  6  and  9  weeks  old  at  the  time  of  use. 
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In  vivo  phagocyte  depletion.  Macrophages  were  depleted  in  vivo  by  use  of 
clodronate-loaded  liposomes.  The  clodronate-loaded  liposomes  were  prepared 
as  previously  described  (56).  Mice  were  injected  intraperitoneally  (i.p.)  with  400 
(jlI  clodronate  liposomes  and  intravenously  with  200  jxl.  Intranasal  (i.n.)  instilla¬ 
tion  of  the  clodronate  liposomes  was  also  performed  as  described  previously  (7, 
35).  Mice  were  anesthetized  with  100  |xl  of  a  solution  of  ketamine,  acepromazine, 
and  xylazine  injected  intramuscularly  before  100  (jlI  of  clodronate  liposomes  was 
deposited  onto  the  nares  to  be  inhaled.  All  clodronate  liposome  treatments  were 
performed  48  h  before  challenge  with  B.  anthracis  Ames  strain  spores,  as  previ¬ 
ously  reported  (7,  65). 

Mice  were  rendered  neutropenic  either  by  i.p.  injection  of  200  mg  of  cyclo¬ 
phosphamide/kg  of  body  weight  (10,  58)  or  by  i.p.  injection  of  0.4  mg  of  MAb 
RB6-8C5  (6,  9,  19).  Injections  to  induce  neutropenia  were  performed  4  days 
before  spore  challenge  when  using  cyclophosphamide  and  2  days  before  spore 
challenge  when  using  RB6-8C5.  To  determine  the  extent  of  neutropenia,  blood 
was  collected  from  the  retro-orbital  sinuses  of  anesthetized,  randomly  selected, 
uninfected  mice  and  was  analyzed  with  an  Abbott  Cell-Dyn  3700  system,  which 
is  a  multiparameter,  automated  hematology  analyzer  designed  for  in  vitro  diag¬ 
nostic  use.  On  average,  neutropenic  mice  contained  approximately  95%  fewer 
circulating  neutrophils  than  saline-pretreated  mice  regardless  of  depletion  agent 
used.  When  RB6-8C5  was  used  as  the  depleting  agent,  the  differential  blood 
counts  obtained  from  treated  mice  revealed  no  change  in  circulating  monocyte 
populations  (including  macrophages),  an  approximately  40%  decrease  in  circu¬ 
lating  eosinophil  populations,  and  an  approximately  50%  decrease  in  circulating 
basophil  and  lymphocyte  populations.  In  some  experiments,  control  mice  were 
pretreated  with  saline,  and  in  others,  rat  IgG  (reagent  grade,  from  serum) 
(Sigma,  St.  Louis,  Mo.)  was  used.  We  and  others  (6,  9)  noted  that  there  is  no 
apparent  difference  between  these  two  control  treatments. 

Spore  preparations.  Spores  of  the  fully  virulent  B.  anthracis  Ames  strain  were 
prepared  as  previously  described  (36,  59,  64),  except  the  sporulating  cultures 
were  incubated  between  48  and  50  h  before  harvest.  In  addition,  as  described 
previously  (59,  64),  the  spores  were  purified  by  centrifugation  of  the  spore 
suspensions  through  a  density  gradient  medium  (58  ml  Hypaque  76  [Nycomed] 
into  42  ml  water),  and  the  pellets  were  collected  and  washed  three  additional 
times  with  water  for  injection  (Medical  Marketing,  Inc.,  Lutherville,  Md.). 

Spore  challenge  and  infection  models.  The  purified  spores  were  heat  activated 
(65°C  for  30  min)  before  each  challenge  experiment  (36).  The  spore  challenges 
were  administered  i.p.  as  200  |xl  of  heat-activated  spores  suspended  in  water  for 
injection.  In  addition,  spore  challenges  were  also  administered  by  i.n.  instillation 
(37)  and  by  aerosol  exposure  (7,  8,  17).  Administered  spore  doses  for  each 
experiment  are  indicated  in  Results.  Mice  infected  with  B.  anthracis  spores  were 
monitored  several  times  each  day,  and  morbidity  and  mortality  rates  were  re¬ 
corded  for  14  days. 

In  vivo  time  course  experiments.  For  time  course  experiments,  mice  were 
challenged  as  described  above.  Mice  were  then  euthanized  at  specified  time 
points  after  spore  challenge.  With  the  i.p.  model  of  infection,  mice  were  eutha¬ 
nized  and  subjected  to  peritoneal  lavage  procedures  (64)  in  which  they  were 
injected  i.p.  with  7  ml  ice-cold  phosphate-buffered  saline  (PBS)  and  3  ml  of  air. 
The  fluid  was  then  drawn  up  and  immediately  placed  on  ice.  Half  of  the  collected 
lavage  fluid  was  plated  onto  trypticase  soy  agar  (TSA)  plates  to  obtain  total 
counts,  and  the  other  half  was  heated  at  65°C  for  30  min  to  kill  vegetative  cells 
(36),  immediately  placed  on  ice,  and  then  plated  onto  TSA  plates.  The  counts 
obtained  from  the  heated  lavage  samples  represent  the  number  of  dormant/heat- 
resistant  spores  present  in  the  lavage  fluid. 

In  time  course  studies  with  the  inhalation  model  of  infection,  mice  were 
euthanized  and  subjected  to  bronchioalveolar  lavage  (BAL)  procedures  (23). 
Briefly,  mice  were  euthanized  and  their  tracheas  were  cannulated.  The  lungs 
were  then  lavaged  with  1  ml  of  ice-cold  PBS.  The  collected  BAL  fluid  was  treated 
as  described  above  for  the  peritoneal  lavage  fluid.  In  addition,  the  lungs  were 
harvested  so  as  to  exclude  the  majority  of  the  trachea  but  to  retain  the  medias¬ 
tinal  area.  The  lungs  were  rinsed  with  ice-cold  PBS,  suspended  in  10  ml  of 
ice-cold  PBS,  and  then  homogenized  in  a  chilled  glass  dounce  tissue  grinder 
(Corning).  An  aliquot  of  the  resulting  lung  homogenate  was  plated  onto  TSA 
plates  to  obtain  total  counts,  while  an  aliquot  was  heated,  chilled  immediately  on 
ice,  and  then  plated  to  obtain  ungerminated  (heat-resistant)  spore  counts  within 
the  homogenate.  In  some  experiments,  the  spleens  were  also  removed  from  mice 
that  had  been  exposed  to  aerosolized  spores.  The  spleens  were  rinsed  in  Hanks’ 
balanced  salt  solution  and  homogenized  in  the  same  manner  as  described  above 
for  lungs.  Lavage  fluid  samples  and  homogenate  samples  were  also  mounted 
onto  slides  with  a  Cytospin  centrifuge  (Shandon,  Inc.,  Pittsburgh,  Pa.).  The  slides 
were  stained  with  malachite  green  (to  stain  ungerminated  spores)  and  counter- 
stained  with  Diff-Quik  (Harleco,  Philadelphia,  Pa.)  (64). 

In  experiments  done  to  compare  and  evaluate  the  effects  of  homogenization 


procedures  on  the  spores,  mice  were  challenged  i.n.  with  1.5  X  107  spores.  One 
hour  later,  the  mice  were  euthanized  and  the  lungs  were  harvested  as  described 
above.  The  lungs  from  one  group  of  infected  mice  were  homogenized  in  1  ml  of 
ice-cold  PBS  containing  2.5-mm  zirconia/silica  beads  (Biospec  Products,  Bartles¬ 
ville,  Okla.)  for  90  s  by  use  of  a  Fast  Prep  instrument  (bead  beater)  from 
Q-Biogene  (Carlsbad,  Calif.).  The  lungs  from  another  group  of  infected  mice 
were  homogenized  in  10  ml  of  ice-cold  PBS  with  a  glass  dounce  tissue  grinder 
(our  standard  homogenization  procedure  as  described  above),  and  lungs  from  a 
third  group  of  infected  mice  were  homogenized  in  1  ml  of  ice-cold  PBS  with  a 
glass  dounce  tissue  grinder.  All  samples  were  kept  ice-cold  before  plating  and/or 
heating.  The  resulting  homogenates  were  plated  (heated  and  unheated)  to  obtain 
total  counts  and  ungerminated  spore  counts  as  described  above. 

Phagocyte  augmentation.  To  augment  their  peritoneal  macrophage  popula¬ 
tions,  mice  were  injected  i.p.  with  1  ml  of  2%  starch  4  days  before  i.p.  spore 
challenge  (64).  Mice  were  also  injected  i.p.  with  1  ml  of  2%  starch  4  h  before  i.p. 
spore  challenge  to  augment  their  peritoneal  neutrophil  populations  (64).  Other 
mice  were  injected  i.p.  with  neutrophils  collected  from  starch-treated  mice.  Four 
hours  after  the  starch  inoculation,  cellular  exudates  were  harvested  from  the 
mice  by  peritoneal  lavage.  The  cells  were  washed  twice  in  saline  and  resuspended 
in  saline,  and  viable  cells  were  counted  by  trypan  blue  dye  exclusion  before 
injection  into  naive  recipient  mice. 

In  vitro  spore  germination  assay.  To  determine  the  tendency  of  spores  to 
germinate  in  mouse  peritoneal  fluid,  we  performed  a  fluorescence-based  in  vitro 
spore  germination  assay.  As  previously  described,  this  assay  measures  the  uptake 
of  the  fluorescent  Syto  9  dye  (Molecular  Probes,  Eugene,  Oreg.)  by  germinating 
spores  (61).  This  was  performed  as  a  kinetic  assay  that  measured  the  fluores¬ 
cence  every  minute  for  1  h  (61)  and  also  in  a  modified  assay  that  measured 
fluorescence  every  15  min  for  4  h.  A  defined  germination  medium,  AAC  (l- 
alanine,  adenosine,  and  Casamino  Acids),  was  used  as  a  positive  control  for  the 
assay,  while  buffer  alone  was  included  as  a  negative  control  (61).  Peritoneal 
lavage  fluids  were  collected  from  saline-treated  mice  or  clodronate  liposome- 
treated  mice  and  filtered  through  a  0.8-mm  syringe  filter  to  remove  any  cells 
present.  In  one  experiment,  samples  were  concentrated  10-fold  with  a  Centricon 
device  (YM-3)  (Millipore,  Bedford,  Mass.). 

Statistical  analyses.  Survival  rates  were  compared  between  each  treatment 
group  and  control  group  by  Fisher’s  exact  tests  with  permutation  adjustment  for 
multiple  comparisons.  Kaplan-Meier/product-limit  estimation  was  used  to  con¬ 
struct  survival  curves  and  to  compute  mean  survival  times.  Survival  curves  were 
compared  between  each  treatment  group  and  control  group  by  log  rank  tests  with 
Hochberg  adjustment  for  multiple  comparisons.  Mean  times  to  death  were 
compared  between  each  treatment  group  and  control  group  by  t  tests  with 
permutation  adjustment  for  multiple  comparisons.  The  above  analyses  were 
conducted  using  SAS  version  8.2  (SAS  Institute,  Inc.,  SAS  OnlineDoc,  version  8, 
Cary,  N.C.,  2000).  The  in  vitro  germination  kinetics  of  spores  in  different  peri¬ 
toneal  fluids  were  analyzed  by  a  four-parameter  logistic  regression  model  avail¬ 
able  on  the  SigmaPlot  PC  software  program  (61).  When  comparing  total  counts 
recovered  from  lavage  fluids,  statistical  significance  ( P  <  0.05)  was  determined 
by  the  two-tailed  Student  t  test  with  the  GraphPad  Prism  software  (GraphPad, 
San  Diego,  Calif.). 

RESULTS 

Effects  of  depleting  specific  host  phagocyte  populations  on 
the  bacterial  burden  observed  after  i.p.  challenge  with  B.  an¬ 
thracis  spores.  Mice  were  treated  intravenously  and  i.p.  with 
clodronate  liposomes  to  induce  macrophage  depletion.  Other 
mice  were  rendered  neutropenic  by  i.p.  administration  of  the 
rat  anti-mouse  granulocyte  MAb  RB6-8C5.  Two  days  later,  the 
mice  were  challenged  i.p.  with  ungerminated  B.  anthracis 
Ames  strain  spores.  Mice  were  euthanized  at  sequential  time 
points  postchallenge,  and  peritoneal  lavages  were  performed. 
After  removal  of  an  aliquot  for  microscopic  evaluation,  half  of 
the  peritoneal  lavage  fluid  was  immediately  plated  for  viable 
counts,  and  the  remainder  of  the  lavage  fluid  samples  was 
heated  and  plated  to  obtain  counts  of  heat-resistant,  ungermi¬ 
nated  spores.  Significantly  greater  numbers  of  B.  anthracis 
were  isolated  from  the  peritoneal  lavage  fluids  of  macrophage- 
depleted  mice  than  from  the  lavage  fluids  from  mice  with 
native  macrophage  populations.  In  time  course  studies,  this 
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FIG.  1.  Effect  of  macrophage  or  neutrophil  depletion  on  bacterial  load  associated  with  an  i.p.  infection  with  B.  anthracis  spores.  Time  course 
study  of  bacteria  collected  from  peritoneal  lavage  fluid  of  (A)  mice  retaining  normal  macrophage  populations  (saline)  or  mice  that  underwent 
macrophage  depletion  (clodronate)  or  (B)  mice  retaining  normal  neutrophil  populations  (rat  IgG)  or  mice  that  underwent  neutrophil  depletion 
(RB6-8C5).  Total  bacterial  counts  are  depicted,  and  counts  obtained  from  heated  fractions  (H)  of  lavage  fluid  are  also  shown.  Counts  obtained 
from  heated  fractions  correspond  to  numbers  of  dormant/heat-resistant  spores.  Panel  A  is  a  combination  of  two  experiments  where  the  i.p. 
challenge  dose  was  approximately  3  X  103  spores.  Panel  B  is  representative  data  from  an  experiment  where  the  i.p.  challenge  dose  was 
approximately  3.2  X  103  spores.  *,  note  that  the  clodronate  bar  at  the  8-h  time  point  should  be  larger,  as  the  bacterial  colonies  exceeded  the 
maximum  countable  number  of  bacteria  for  this  experiment  (>2.5  X  103/ml),  but  is  depicted  this  way  for  illustrative  purposes.  The  total  number 
of  bacteria  recovered  from  the  macrophage-depleted  mice  was  significantly  greater  than  the  total  number  of  bacteria  recovered  from  saline-treated 
mice  (**,  P  =  0.0065;  ***,  P  <  0.0001).  All  values  represent  the  averages  from  at  least  two  mice  ±  standard  deviations. 


difference  was  appreciable  at  approximately  4  to  5  h  postchal¬ 
lenge  (Fig.  1A).  Whereas  the  macrophage-depleted  mice  ex¬ 
hibited  a  significant  increase  in  bacteria  present  in  lavage  fluid 
with  time,  the  saline-pretreated  mice  exhibited  consistently  low 
levels  of  bacteria  in  the  lavage  fluid  for  at  least  24  h  postchal¬ 
lenge  (Fig.  1A  and  data  not  shown).  In  contrast,  the  neutro¬ 
penic  mice  did  not  have  a  significantly  greater  bacterial  burden 
during  the  first  9  h  after  i.p.  infection  with  B.  anthracis  spores 


than  control  mice  pretreated  with  either  saline  or  normal  rat 
IgG  (Fig.  IB).  These  data  suggest  that  in  the  peritoneal  model 
of  infection,  macrophages  are  necessary  for  the  host  to  limit 
spore  outgrowth  and  bacillary  replication  during  the  earliest 
stages  of  the  infection. 

These  observations  were  not  dependent  upon  the  amount  of 
spores  in  the  challenge  dose  (note  the  different  scales  used  for 
Fig.  1  and  Fig.  2).  In  initial  experiments  (Fig.  1),  BALB/c  mice 
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FIG.  2.  Effect  of  macrophage  or  neutrophil  depletion  on  bacterial  load  associated  with  an  i.p.  infection  with  a  high  dose  of  B.  anthracis  spores. 
Time  course  study  of  bacteria  collected  from  peritoneal  lavage  fluid  of  (A)  mice  retaining  normal  macrophage  populations  (saline)  or  mice  that 
underwent  macrophage  depletion  (clodronate)  or  (B)  mice  retaining  normal  neutrophil  populations  (saline)  or  mice  that  underwent  neutrophil 
depletion  (RB6-8C5).  Total  bacterial  counts  are  depicted,  and  counts  obtained  from  heated  fractions  (H)  of  lavage  fluid  are  also  shown.  Counts 
obtained  from  heated  fractions  correspond  to  numbers  of  dormant/heat-resistant  spores.  Panel  A  presents  data  from  an  experiment  where  the  i.p. 
challenge  dose  was  approximately  1.8  X  107  spores.  Panel  B  presents  data  from  an  experiment  where  the  i.p.  challenge  dose  was  approximately 
2.5  X  107  spores.  Similar  results  were  obtained  in  at  least  two  additional  experiments.  *,  note  that  the  clodronate  bar  at  the  9-h  time  point  should 
be  larger,  as  the  bacterial  colonies  exceeded  the  maximum  countable  number  of  bacteria  for  this  experiment  (>5  X  106/ml),  but  is  depicted  this 
way  for  illustrative  purposes.  The  total  number  of  bacteria  recovered  from  the  macrophage-depleted  mice  was  significantly  greater  than  the  total 
number  of  bacteria  recovered  from  saline-treated  mice  (**,P  =  0.0015;  ***,  P  <  0.0001).  All  values  represent  the  averages  from  at  least  two  mice 
±  standard  deviations. 


were  challenged  i.p.  with  approximately  3  X  103  spores  (rep¬ 
resenting  approximately  six  50%  lethal  doses  [48]),  and  in  later 
experiments  (Fig.  2)  the  mice  were  challenged  i.p.  with  approx¬ 
imately  2  X  107  spores  (representing  approximately  4  X  104 
50%  lethal  doses  [reference  48  and  data  not  shown]).  The 
difference  in  bacterial  load  attributed  to  clodronate  liposome 
treatment  was  observed  approximately  5  h  postchallenge  for 
both  the  low-dose  (Fig.  1A)  and  the  high-dose  (Fig.  2A)  chal¬ 
lenges.  While  saline-pretreated  mice  had  minimal  outgrowth 


of  B.  anthracis  spores,  the  macrophage-depleted  mice  sus¬ 
tained  rapid  outgrowth  of  B.  anthracis  spores  to  vegetative 
bacilli  (Fig.  3).  Again,  as  observed  with  the  low-dose  challenge 
(Fig.  IB),  the  neutropenic  mice  did  not  have  a  significantly 
increased  bacterial  burden  compared  to  the  saline  control  mice 
after  i.p.  challenge  with  the  significantly  higher  bolus  of  spores 
(Fig.  2B  and  data  not  shown). 

It  has  been  well  documented  that  susceptibility  to  infection 
with  B.  anthracis  varies  greatly  between  mouse  strains  (62,  63). 


Vol.  74,  2006 


PHAGOCYTE  DEPLETION  AND  INFECTION  WITH  B.  ANTHRACIS  473 


S-lh 

•  / 

••  • 

t 

• 

• 

C-lh 

• 

M.  • 

•«- 

u 

s-3h  6^1^ 

•  .'i  £•  * 

;  .*  -v;;;; /;••/••••*  . 

.  V**  v7  *1/  * 

•  -  •.*_  ^ 

•  •  •••*  4.  • 

°3h  .. 

’  *  > 

-  '  -  U 

/  w  •'  •* 

m  •  *  •  N  A  # 

<  •  •  ’A. 

.  uV  /  .. 

S-5h 

••  • 

•  .*  *•  .. 

•  *  V 

•  •• 

• 

C-5h  ^^1'- 

•  •  •  • 
S-7h  ..  .  ••  • 

•  « 

►  •  *.  .  •  • 

-  4 

•  •  ••  *V  %. 

-**  -*  “  ; 

.-V  1 

c-7h  -3  | 

|fegj|gg 

■  <  1  ..  *  • 

S-9h  f  ..  .*•••  :  •. 

-  •. -.v/\ 

J  •  /.  ( •  •  • 

. '  •••*  •  ••• 

*  ••  e.s 

:..v. 

FIG.  3.  Time  course  of  infection,  as  detected  by  microscopic  examination  of  peritoneal  lavage  fluids.  Cytospin  preparations  were  prepared  from 
peritoneal  lavage  fluid  samples  collected  from  saline-pretreated  mice  retaining  native  macrophage  populations  (S)  and  mice  that  had  been  depleted 
of  macrophages  by  administration  of  clodronate  liposomes  (C).  Samples  were  examined  at  1  h,  3  h,  5  h,  7  h,  and  9  h  after  i.p.  challenge  with 
approximately  1.8  X  1075.  anthracis  Ames  strain  spores.  The  1-h  samples  were  concentrated  approximately  fourfold  before  being  mounted  on  the 
slide  to  visualize  spores  (arrows).  In  both  the  S  1-h  and  the  C  1-h  samples,  ungerminated  and  germinated  spores  were  observed,  as  determined 
by  malachite  green/Diff-Quik  staining.  The  magnification  was  X60,  except  for  the  1-h  samples,  which  were  observed  at  X100  to  visualize  spores. 
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FIG.  4.  In  vitro  fluorescent  germination  assay  (60)  of  the  germina¬ 
tion  potential  of  intraperitoneal  fluids  obtained  from  saline-pretreated 
control  mice  (A)  and  macrophage-depleted  clodronate-treated  mice 
(■).  A  synthetic  germination  medium,  AAC  (60),  was  used  as  a  pos¬ 
itive  control  (O),  and  buffer  alone  was  used  as  a  negative  control  (•). 
There  were  no  appreciable  differences  between  the  extents  of  germi¬ 
nation  associated  with  the  negative  control,  buffer  alone,  compared  to 
either  peritoneal  fluid  sample.  RFU,  relative  fluorescence  units. 


To  confirm  that  these  observations  were  not  entirely  depen¬ 
dent  upon  the  strain  of  mouse  challenged,  we  repeated  these 
macrophage  depletion  experiments  with  SJL/J  mice  ( Hc+ ). 
Preliminary  work  suggested  that  the  SJL/J  mice  are  slightly 
more  susceptible  to  infection  with  the  B.  anthracis  Ames  strain 
than  the  BALB/c  mice  (data  not  shown),  even  though  both 
strains  are  proficient  for  the  complement  component  C5 
(Hc+).  However,  when  the  time  course  experiments  were  re¬ 
peated,  nearly  identical  results  were  obtained  (data  not 
shown).  The  saline-treated  SJL/J  mice  contained  the  infection, 
while  the  macrophage-depleted  SJL/J  mice  had  significant  bac¬ 
terial  growth,  as  determined  by  an  increase  in  bacteria  ob¬ 
tained  from  peritoneal  lavage  fluid  and  microscopic  evaluation 
(data  not  shown).  This  increase  in  B.  anthracis  was  observed 
approximately  5  h  postchallenge  for  both  the  BALB/c  and  the 
SJL/J  mice. 

In  vitro  germination  of  spores  in  the  presence  of  mouse 
peritoneal  fluid.  It  was  necessary  to  determine  if  the  increased 
bacterial  load  associated  with  macrophage  depletion  (clodr- 
onate  liposome  treatment)  was  due  to  the  deficiency  of  mac¬ 
rophages.  An  alternative  explanation  could  be  that  the  perito¬ 
neal  cavity  of  macrophage-depleted  mice  was  more  favorable 
for  rapid  spore  germination  due  to  possible  intracellular  ger- 
minants  being  released  upon  apoptosis  of  macrophages.  Ex¬ 
periments  were  designed  to  determine  if  peritoneal  lavage 
fluid  from  macrophage-depleted  mice  could  stimulate  spore 
germination  at  rates  comparable  to  peritoneal  lavage  fluid 
from  saline-treated  mice.  By  use  of  a  spectrofluorometric  as¬ 
say,  spore  germination  in  the  presence  of  the  peritoneal  fluid 
samples  was  monitored  every  minute  for  1  h  in  one  experiment 
(data  not  shown)  and  every  15  min  for  4  h  in  another  (Fig.  4). 
In  both  assays,  we  found  no  appreciable  differences  in  rate  or 
extent  of  spore  germination  in  the  presence  of  the  peritoneal 
fluid  samples  collected  from  saline-treated  mice  or  macro¬ 
phage-depleted  mice  (Fig.  4).  Neither  peritoneal  lavage  fluid 
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FIG.  5.  Clearance  of  spores  from  lungs  depleted  of  alveolar  mac¬ 
rophages.  BALs  were  performed  on  mice  at  various  times  after  chal¬ 
lenge  with  aerosolized  spores.  The  inhaled  dose  was  approximately  3  X 
105  B.  anthracis  Ames  spores.  BAL  fluid  was  plated  directly  onto  TSA 
plates,  and  half  of  the  BAL  fluid  was  heated  (H)  before  being  plated 
onto  TSA  plates.  Bacterial  counts  obtained  from  heated  fractions 
correspond  to  numbers  of  dormant/heat-resistant  spores.  All  values 
represent  the  averages  from  two  mice  ±  standard  deviations  (except 
the  saline  72-h  bar,  which  represents  one  mouse).  Similar  results  were 
obtained  in  two  additional  experiments.  *,  5/15  clodronate  liposome- 
treated  mice  were  found  dead  at  this  time.  **,  2/15  clodronate  lipo¬ 
some-treated  mice  and  1/15  saline-treated  mice  were  found  dead  at 
this  time.  The  number  of  spores  recovered  from  clodronate-treated 
mice  at  24  h  postchallenge  was  statistically  greater  than  the  number  of 
spores  collected  from  saline-treated  mice  (***,  P  =  0.037;  ****,  p  = 
0.013). 


sample  stimulated  significant  germination.  This  was  also  the 
case  for  peritoneal  lavage  fluid  that  had  been  concentrated 
approximately  10-fold  to  mimic  undiluted  intraperitoneal  fluid 
as  much  as  possible  (data  not  shown).  Only  spores  suspended 
in  a  defined  germination  medium  (AAC)  germinated  signifi¬ 
cantly  (Fig.  4). 

Alveolar  macrophage-depleted  mice  retain  significantly 
more  spores  within  the  bronchioalveolar  spaces  of  the  lungs 
than  do  normal  mice  after  challenge  with  aerosolized  B.  an¬ 
thracis  spores.  Alveolar  macrophages,  a  unique  subset  of  mac¬ 
rophages  found  in  the  connective  tissues  of  the  septum  and  in 
the  air  spaces  of  the  lung  alveoli,  are  of  particular  importance 
when  investigating  inhalation  anthrax.  We  showed  previously 
that  mice  that  undergo  alveolar  macrophage  depletion  have  a 
significantly  lower  survival  rate  and  significantly  shorter  mean 
time  to  death  than  saline-pretreated  mice  (7).  In  the  current 
study,  alveolar  macrophage-depleted  mice  and  saline-pre¬ 
treated  mice  were  challenged  with  B.  anthracis  Ames  spores  by 
aerosol  exposure  and  euthanized  at  predetermined  time  points 
postchallenge,  and  BAL  fluids  were  collected.  Quantitative 
viable  counts  of  both  heated  and  unheated  samples  of  the  BAL 
fluids  were  determined.  In  three  separate  experiments,  the 
saline-pretreated  mice  had  significantly  fewer  spores  in  the 
BAL  fluids  collected  postchallenge  than  did  alveolar  macroph¬ 
age-depleted  mice  (Fig.  5).  There  was  no  significant  germina- 
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FIG.  6.  Effect  of  alveolar  macrophage  depletion  on  the  number  of 
bacteria  recovered  from  the  lungs  postchallenge  with  aerosolized 
spores.  The  inhaled  dose  was  approximately  6  X  105  B.  anthracis  Ames 
spores.  Mice  were  euthanized  at  selected  time  points  postchallenge, 
and  the  lungs  were  lavaged  and  removed  as  to  include  both  lobes  and 
mediastinal  area  but  to  exclude  the  majority  of  the  trachea.  Lung 
homogenate  fluids  (homogenates  generated  with  our  standard  tissue 
grinder  procedure)  were  divided,  with  half  being  plated  directly  onto 
TSA  plates  and  half  being  heated  (H)  before  being  plated  onto  TSA 
plates.  Bacterial  counts  obtained  from  heated  fractions  correspond  to 
numbers  of  dormant/heat-resistant  spores.  All  values  represent  the 
averages  from  at  least  two  mice  (except  the  clodronate  liposome  72-h 
bar,  which  represents  the  sole  clodronate  liposome-treated  survivor  of 
the  experiment)  ±  standard  deviations.  Similar  results  were  obtained 
in  two  additional  experiments.  *,  note  that  the  clodronate  (clodronate 
liposomes)  bars  at  the  48-h  and  72-h  time  points  should  be  larger,  as 
the  bacterial  colonies  exceeded  the  maximum  countable  number  of 
bacteria  for  this  experiment  (>1  X  105/ml),  but  are  depicted  this  way 
for  illustrative  purposes.  **,  1/19  clodronate  liposome-treated  mice 
was  found  dead  at  this  time.  ***,  8/19  clodronate  liposome-treated 
mice  and  4/19  saline-treated  mice  were  found  dead  at  this  time. 

tion  associated  with  the  spores  recovered  from  BAL  fluids 
from  either  macrophage-depleted  or  saline-treated  mice; 
nearly  all  of  the  bacteria  counted  were  heat  resistant,  illustrat¬ 
ing  that  predominantly  ungerminated  spores  remained  within 
the  bronchioalveolar  spaces  of  the  lungs  (Fig.  5). 


Alveolar  macrophage  depletion  is  associated  with  an  in¬ 
creased  bacterial  burden  in  lung  tissue  in  mice  after  challenge 
with  aerosolized  B.  anthracis  spores.  To  further  characterize 
spore  germination  in  lung  tissues,  lung  homogenates  were  ex¬ 
amined.  As  shown  in  Fig.  6  and  7,  germination  and  outgrowth 
were  observed  with  the  alveolar  macrophage-depleted  mice  as 
early  as  48  h  postexposure  to  aerosolized  spores.  Flowever,  the 
saline-pretreated  mice  harbored  a  generally  constant  number 
of  bacteria  even  after  96  h  postchallenge  (Fig.  7).  The  lung 
tissue  collected  did  not  include  most  of  the  trachea  but  did 
contain  the  mediastinal  region.  Thus,  the  precise  site  of  spore 
germination  within  the  alveolar  macrophage-depleted  mice  re¬ 
mains  in  question. 

We  also  evaluated  homogenization  protocols  to  ensure  that 
our  use  of  a  glass  dounce  tissue  grinder  was  adequate  com¬ 
pared  to  more  recently  published  methods  of  tissue  homoge¬ 
nization  (13,  37).  In  these  experiments,  BALB/c  mice  were 
challenged  i.n.  with  approximately  1.5  X  107  spores.  One  hour 
later,  the  mice  were  euthanized  and  the  lungs  were  removed  as 
described  above.  Both  the  glass  dounce  tissue  grinder  and  bead 
beating  with  silica/zirconia  beads  homogenized  mouse  lungs  to 
similar  extents,  as  determined  visually  and  microscopically. 
However,  we  observed  a  striking  difference  in  percentage  of 
heat-sensitive  bacterial  cells  recovered  from  the  homogenates 
between  the  two  methods  of  homogenization.  The  use  of  glass 
dounce  tissue  grinders  in  our  standard  procedure  consistently 
resulted  in  the  recovery  of  mostly  heat-resistant  (dormant) 
spores.  However,  approximately  95%  ±  2%  ( n  =  3)  of  the 
bacterial  counts  obtained  with  the  bead  beater  method  were 
heat  sensitive  (germinated  spores  or  bacilli).  In  addition,  the 
volume  of  buffer  in  which  the  lungs  were  homogenized  affected 
the  heat  sensitivity  of  the  spores.  When  the  lungs  were  homog¬ 
enized  in  1  ml  of  ice-cold  PBS  with  a  glass  dounce  tissue 
grinder,  approximately  52%  ±  11%  ( n  =  2)  of  the  bacteria 
recovered  were  heat  sensitive.  In  contrast,  when  the  lungs  were 
homogenized  in  10  ml  of  ice-cold  PBS,  only  23%  ±  14%  ( n  = 
2)  of  the  recovered  bacteria  were  heat  sensitive.  These  data 
indicate  that  the  spores  recovered  from  the  lungs  subjected  to 
mechanical  homogenization  with  a  bead  beater  are  signifi¬ 
cantly  altered  and  that  the  majority  of  the  spores  are  heat 
sensitive.  Thus,  the  procedure  used  to  process  tissue  samples  is 
critical  when  evaluating  and  interpreting  the  fate  of  spores  in 
vivo. 


FIG.  7.  Microscopic  examination  of  lung  homogenates.  Both  mice  were  euthanized  48  h  postchallenge  with  an  aerosolized  dose  of  approxi¬ 
mately  8.2  X  104  B.  anthracis  Ames  spores.  Lung  homogenate  from  a  saline-pretreated  mouse  retaining  native  alveolar  macrophage  populations 
(S)  and  lung  homogenate  from  a  clodronate  liposome-treated  mouse  (macrophage  depleted)  (C)  are  shown.  Bacilli  can  be  observed  in  the 
macrophage-depleted  mouse  but  are  not  observed  in  the  saline-pretreated  mouse. 
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FIG.  8.  Effect  of  induced  neutropenia  on  survival  rates  of  mice 
challenged  i.p.  with  B.  anthracis  Ames  spores.  Mice  were  pretreated 
with  saline  i.p.  (■),  RB6-8C5  i.p.  (A),  or  cyclophosphamide  i.p.  (O). 
The  mice  received  an  i.p.  injection  of  approximately  1  X  103  B.  an¬ 
thracis  Ames  spores.  The  mice  were  observed  for  14  days  postchal¬ 
lenge.  Survival  rates  and  times  to  death  were  not  significantly  different. 
Similar  results  were  obtained  in  two  additional  experiments. 


Alveolar  macrophage  depletion  also  influenced  bacterial 
loads  observed  in  the  spleens  of  mice  post-aerosol  challenge. 
Harvill  et  al.  recently  reported  that  the  numbers  of  viable 
bacteria  recovered  from  spleens  of  mice  challenged  with  aero¬ 
solized  spores  can  vary  dramatically  (28).  In  our  experiments, 
there  were  no  detectable  bacteria  isolated  from  the  spleens  of 
mice  with  intact  native  alveolar  macrophage  populations  (limit 
of  detection,  100  CFU  per  spleen),  but  clodronate  liposome- 
treated  mice  had  spleens  that  were  positive  for  B.  anthracis  at 
either  24  h  (one  of  three  mice  examined)  or  48  h  (two  of  three 
mice  examined)  postchallenge  (data  not  shown). 

Effect  of  induced  neutropenia  on  survival  rates  of  mice  after 
challenge  with  B.  anthracis  spores.  We  established  that  mac¬ 
rophage  depletion  via  clodronate  liposomes  renders  mice  sig¬ 
nificantly  more  susceptible  to  infection  with  B.  anthracis  (7).  It 
has  been  shown  that  macrophage  depletion  may  also  result  in 
a  slight  decrease  in  neutrophil  populations  (32,  33,  39).  Thus, 
to  further  characterize  our  macrophage  depletion  model  we 
must  also  address  the  roles  of  neutrophils  in  the  host  immune 
response  to  the  infection.  In  this  study,  we  examined  the  effects 
of  neutrophil  depletion  on  the  times  to  death  and  survival  rates 
of  mice  after  challenge  with  B.  anthracis  spores.  When  neutro¬ 
penic  (cyclophosphamide-treated  or  RB6-8C5-treated)  and  sa- 
line-pretreated  control  mice  were  challenged  i.p.  with  approx¬ 
imately  8  X  102  B.  anthracis  Ames  spores,  there  were  no 
statistically  significant  differences  in  times  to  death  or  survival 
rates  between  the  three  groups  (Fig.  8).  Similar  results  were 
obtained  from  three  independent  experiments,  and  none  of  the 
experiments  yielded  statistically  significant  differences  between 
treatment  groups. 

When  the  mice  were  challenged  with  a  low  dose  of  aerosol¬ 
ized  spores  (approximately  9  X  103  inhaled  spores),  there  were 
no  statistically  significant  differences  in  the  survival  rates  or 
mean  times  to  death  of  the  control  saline-treated  mice  and 
neutropenic  (RB6-8C5-treated)  mice  (Fig.  9A).  However, 
when  the  aerosolized  spore  challenge  was  increased  approxi- 
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FIG.  9.  Effect  of  induced  neutropenia  on  survival  rates  of  mice 
challenged  with  aerosolized  B.  anthracis  Ames  spores.  Mice  were  pre¬ 
treated  with  saline  i.p.  (■)  or  RB6-8C5  i.p.  (A).  The  mice  received  an 
inhaled  dose  of  (A)  approximately  9  X  103  or  (B)  approximately  8  X 
104  B.  anthracis  Ames  spores.  The  mice  were  observed  for  14  days 
postchallenge. 


mately  10  times,  to  8  X  104  inhaled  spores,  there  were  statis¬ 
tically  significant  differences  observed  in  the  survival  rates  (P  = 
0.005)  between  the  control  saline-treated  mice  (58%)  and  neu¬ 
tropenic  mice  (0%)  but  there  were  no  significant  differences  in 
mean  times  to  death  (P  =  0.33)  (Fig.  9B). 

Effect  of  augmenting  neutrophil  populations  on  survival  of 
mice  challenged  i.p.  with  B.  anthracis  spores.  In  our  earlier 
report,  we  demonstrated  that  by  augmenting  native  peritoneal 
macrophage  populations  with  RAW  264.7  cells  we  significantly 
increased  survival  rates  of  mice  subsequently  infected  i.p.  with 
B.  anthracis  spores  (7),  and  this  effect  of  the  additional  mac¬ 
rophages  was  dose  related  (7).  In  this  report,  we  investigated 
the  possibility  of  a  corresponding  effect  of  neutrophil  supple¬ 
mentation  on  B.  anthracis  infection  by  using  two  approaches: 
(i)  directly  stimulating  neutrophil  influx  in  mice  by  i.p.  injec¬ 
tion  of  soluble  starch  before  spore  challenge  and  (ii)  injecting 
mice  i.p.  just  before  spore  challenge  with  neutrophils  collected 
exogenously  from  uninfected,  starch-elicited  mice. 

BALB/c  mice  were  treated  with  2%  starch,  and  cell  exudates 
were  harvested  4  h  later,  at  which  time  the  responding  inflam¬ 
matory  cells  were  predominantly  neutrophils  (64).  The  cells 
were  washed  in  saline,  and  neutrophils  were  counted;  their 
viability  as  determined  by  trypan  blue  exclusion  was  >95%. 
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FIG.  10.  Effect  of  augmenting  peritoneal  neutrophil  or  macro¬ 
phage  populations  on  survival  rates  of  mice  challenged  i.p.  with  B. 
anthracis  spores.  Mice  were  pretreated  with  saline  i.p.  (■),  RB6-8C5 
i.p.  (A),  1  ml  of  2%  starch  i.p.  4  h  before  spore  challenge  (O),  or  1  ml 
of  2%  starch  i.p.  4  days  before  spore  challenge  (•).  The  mice  were 
challenged  i.p.  with  approximately  9  X  102  spores  and  observed  for  14 
days  postchallenge. 


Approximately  2  X  106  neutrophils  were  delivered  to  each 
naive  mouse  by  i.p.  injection.  The  mice  were  then  challenged 
i.p.  with  B.  anthracis  Ames  strain  spores.  Augmenting  perito¬ 
neal  neutrophil  populations  in  this  manner  did  not  offer  the 
recipient  mice  any  protection  from  the  infection.  There  was  no 
increase  in  survival  rate  or  time  to  death  (data  not  shown). 

Other  mice  were  treated  with  starch  and  then  challenged 
directly  with  B.  anthracis  spores  4  h  later.  In  addition,  one 
group  of  mice  was  injected  i.p.  with  starch  4  days  prior  to 
infection,  so  that  the  inflammatory  response  would  be  domi¬ 
nated  by  macrophages  at  the  time  of  spore  challenge  (64).  The 
mice  were  then  observed  for  14  days,  and  mortality  rates  were 
recorded.  We  found  no  significant  differences  between  mice 
with  an  augmented  neutrophil  population,  neutrophil-depleted 
mice,  and  saline-pretreated  mice  (Fig.  10).  However,  the  mice 
that  received  the  i.p.  injection  of  starch  4  days  before  the  spore 
challenge  were  partially  protected  (Fig.  10).  Moreover,  when 
the  experiment  was  repeated  with  a  higher  bolus  of  spores 
(approximately  1.7  X  103  spores)  there  was  again  no  difference 
between  mice  with  augmented  neutrophil  populations,  neutro¬ 
penic  mice,  and  saline-pretreated  mice  (data  not  shown).  How¬ 
ever,  the  mice  receiving  a  starch  injection  4  days  before  spore 
challenge  had  a  significantly  longer  mean  time  to  death  than 
mice  pretreated  with  saline  (P  =  0.0361).  These  data  suggest 
that  a  robust  macrophage  response  to  B.  anthracis  spores  is 
clearly  advantageous  to  the  host,  whereas  the  neutrophil  re¬ 
sponse  is  of  secondary  importance  during  infection. 

DISCUSSION 

The  putative  roles  of  macrophages  during  infection  with  B. 
anthracis  have  been  addressed  by  numerous  groups  (3,  11, 
21-24,  30,  47,  59,  60,  64).  We  previously  showed  that  mice 
specifically  depleted  of  macrophages  are  significantly  more 
susceptible  to  infection  with  B.  anthracis  spores  (7).  This  in¬ 
creased  susceptibility  was  observed  regardless  of  inoculation 


route  (i.p.,  subcutaneous,  or  inhalation)  (7).  In  this  study,  we 
examined  putative  mechanisms  leading  to  the  increased  sus¬ 
ceptibility.  Saline-pretreated  mice  challenged  i.p.  with  B.  an¬ 
thracis  strain  Ames  spores  were  able  to  limit,  and,  depending 
on  the  dose,  resolve  the  B.  anthracis  infection.  However,  when 
the  mice  were  depleted  of  macrophages  by  treatment  with 
clodronate-containing  liposomes,  a  significant  degree  of  spore 
germination  and  bacillary  replication  was  observed  at  very 
early  time  points  postchallenge.  This  was  evident  when  we 
examined  the  bacterial  burden  found  in  the  peritoneal  cavities 
of  infected  mice  (Fig.  1  to  3). 

Interestingly,  these  observations  were  similar  to  those  ob¬ 
tained  when  examining  mice  that  had  been  exposed  to  an 
aerosolized  challenge  of  B.  anthracis  Ames  spores.  Mice  that 
retained  their  native  alveolar  macrophages  showed  no  signs  of 
significant  spore  germination  or  bacillary  replication  in  bacte¬ 
ria  recovered  from  BAL  fluid  or  in  lung  homogenates  (Fig.  5  to 
7).  These  data  support  the  observation  that  after  inhalation  of 
spores  the  bacteria  retained  in  the  BAL  fluid  are  predomi¬ 
nantly  heat-resistant  ungerminated  spores  (24,  47,  50).  How¬ 
ever,  when  mice  depleted  of  their  alveolar  macrophages  were 
examined,  although  there  was  no  detectable  germination  in  the 
BAL  fluid  (Fig.  5),  large  numbers  of  bacilli  were  observed  in 
the  lung  homogenates  (Fig.  6  and  7). 

During  these  studies,  we  also  evaluated  several  methods  for 
tissue  homogenization  and  the  potential  effects  of  these  pro¬ 
cedural  differences  on  spore  germination.  It  has  been  well 
established  that  there  are  numerous  factors  that  can  initiate 
spore  germination  and  subsequent  loss  of  heat  resistance. 
These  include  physical  injury  to  the  spore  (15),  increased  pres¬ 
sure  (18,  42,  68),  and  exposure  to  defined  germinants  (42,  43). 
We  showed  that  the  technique  used  to  homogenize  tissues  can 
significantly  influence  the  proportion  of  heat-sensitive  spores 
recovered  and  ultimately  the  interpretation  of  spore  germina¬ 
tion  rates  in  vivo.  We  observed  that  processing  lungs  of  in¬ 
fected  mice  with  a  bead  beater  apparatus  was  associated  with 
the  recovery  of  mostly  heat-sensitive  spores,  whereas  homog¬ 
enizing  lungs  with  a  tissue  grinder  in  a  large  volume  of  cold 
PBS  resulted  in  recovery  of  mostly  heat-resistant  spores.  Using 
a  tissue  grinder  in  a  reduced  volume  of  buffer  induced  inter¬ 
mediate  levels  of  germination,  possibly  due  to  the  increased 
concentration  of  potential  germinants  released  from  the  lung 
tissues  or  an  increase  in  heat  production.  Thus,  we  hypothesize 
that  a  combination  of  factors  associated  with  tissue  homoge¬ 
nization  by  using  a  bead  beater  apparatus,  including  spore 
abrasion,  heat  production,  and  an  increased  concentration  of 
germinants  in  small  sample  volumes,  may  induce  spore  germi¬ 
nation  after  the  lung  has  been  removed  from  the  euthanized 
animal.  Accordingly,  it  appears  to  be  critical  to  optimize  and 
standardize  tissue  collection  and  processing  procedures  to  ac¬ 
curately  evaluate  in  vivo  spore  germination. 

It  has  been  demonstrated  that  administrating  liposome-en¬ 
capsulated  clodronate  specifically  depletes  macrophages  and 
monocyte  precursors  (29)  while  not  directly  affecting  dendritic 
cells  (55,  56)  or  neutrophils  (49,  56).  There  is  a  clear  correla¬ 
tion  between  the  macrophage  response  to  the  spores  and  the 
rapidity  of  progression  of  the  B.  anthracis  infection  in  our 
mouse  models.  However,  it  has  been  shown  that  macrophage- 
depleted  mice  can  have  a  somewhat  reduced  neutrophil  re¬ 
sponse,  as  resident  macrophages  can  secrete  chemoattractants, 
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such  as  macrophage  inflammatory  protein  2  (MIP-2),  resulting 
in  the  recruitment  of  neutrophils  to  the  site  of  infection  (32,  33, 
39).  Because  macrophages  and  neutrophils  can  act  in  concert, 
it  is  necessary  to  examine  the  effects  of  induced  neutropenia  on 
the  earliest  stages  of  in  vivo  spore  germination. 

Mice  were  rendered  neutropenic  by  administration  of  either 
the  pharmaceutical  agent  cyclophosphamide  (Cytoxan)  or  the 
rat  anti-mouse  granulocyte  MAb  RB6-8C5.  In  initial  experi¬ 
ments,  we  determined  that  the  MAb  RB6-8C5  was  less  detri¬ 
mental  to  the  health  of  the  mice,  more  specific  for  neutrophil 
depletion,  and  just  as  efficient  at  inducing  neutropenia  com¬ 
pared  to  cyclophosphamide  (data  not  shown).  Thus,  subse¬ 
quent  experiments  were  performed  using  the  MAb  as  the  neu¬ 
trophil  depletion  agent.  There  were  only  small  (statistically 
insignificant)  differences  in  the  survival  rates  of  normal  and 
neutropenic  mice  challenged  i.p.  with  spores  (Fig.  8)  or  by 
aerosol  with  a  low  dose  of  spores  (Fig.  9A).  In  addition,  time 
course  studies  illustrated  that,  in  the  intraperitoneal  model  of 
infection,  there  were  no  significant  differences  in  the  bacterial 
concentrations  present  in  peritoneal  lavage  fluids  obtained 
from  normal  mice  and  neutropenic  mice  (Fig.  IB  and  2B). 

The  results  obtained  from  the  low-dose  aerosol  challenge 
are  noteworthy  because  we  have  shown  that  challenging  mac¬ 
rophage-depleted  mice  with  a  similarly  low  dose  of  aerosolized 
spores  resulted  in  >90%  mortality,  which  was  significantly 
greater  than  the  mortality  rate  observed  for  mice  with  a  normal 
complement  of  alveolar  macrophages  (7).  Thus,  these  results 
suggest  that  alveolar  macrophages  play  a  more  direct  role  in 
host  defense  against  inhaled  B.  anthracis  spores  than  do  neu¬ 
trophils.  However,  when  the  aerosolized  challenge  dose  was 
increased,  there  were  significant  differences  in  survival  rates 
between  neutropenic  and  saline  control  mice  (Fig.  9B). 

These  relatively  minor  differences  (Fig.  8  and  9)  may  not  be 
directly  due  to  the  absence  of  neutrophils.  It  has  been  shown 
that  neutrophilic  responses  in  mice  to  B.  anthracis  strain  Sterne 
spores  delivered  by  the  i.p.  route  peak  at  approximately  6  h 
after  infection  (64).  Thus,  if  neutrophils  had  a  significant  direct 
effect  on  the  outcome  of  a  B.  anthracis  infection  (i.e.,  by  direct 
killing  or  translocation  of  spores  by  neutrophils),  a  very  early 
effect  on  either  survival  rate  or  bacterial  burden  in  challenged 
mice  should  be  observed.  However,  no  significant  effects  of 
neutropenia  on  the  bacterial  load  within  9  h  (Fig.  1  and  2)  or 
on  survival  within  48  h  of  aerosol  exposure  (Fig.  9A  and  B) 
were  observed.  In  addition,  mice  were  not  protected  from  a 
peritoneal  infection  when  the  peritoneal  neutrophil  population 
was  augmented  (Fig.  10). 

These  results  do  not  entirely  rule  out  an  important  role  for 
neutrophils  in  the  host  response  to  a  B.  anthracis  infection. 
However,  they  suggest  the  possibility  that  the  increase  in  sus¬ 
ceptibility  (depending  upon  dose  of  spores  administered)  of 
neutropenic  mice  may  be  the  result  of  more-general  alterations 
of  the  immune  system  in  response  to  administration  of  the 
MAb  RB6-8C5.  These  may  include  moderately  lower  numbers 
of  CD8+  T  cells  (44,  45,  54),  different  cytokine  and  chemokine 
profiles  (5,  25),  and  ultimately  reduced  levels  of  recruited 
and/or  activated  macrophages.  By  analyzing  blood  samples 
from  control  mice,  we  observed  that  RB6-8C5  was  efficient  at 
depleting  circulating  neutrophil  populations  by  at  least  95%; 
however,  lymphocyte  numbers  also  declined  (data  not  shown). 
This  reduction  in  lymphocyte  numbers  has  been  shown  to  be 


attributed  predominantly  to  a  drop  in  CD8+  T  lymphocytes 
(44).  It  has  been  reported  that  neutrophil  depletion  induced  by 
administering  RB6-8C5  can  result  in  up  to  50%  reduction  of 
CD8+  T-cell  populations  (51,  54).  This  partial  depletion  of 
CD8+  T  cells  may  alter  cytokine  levels  (e.g.,  gamma  inter¬ 
feron),  subsequently  altering  macrophage  activation  (52)  and 
possibly  killing  of  the  B.  anthracis  spores  by  macrophages. 
Others  have  reported  that  neutrophil  depletion  can  result  in  a 
less  robust  Thl-cell-mediated  immune  response.  Tateda  et  al. 
showed  that  early  recruitment  of  neutrophils  is  critical  to  Thl 
polarization  in  a  mouse  model  of  Legionella  pneumophila  (53), 
again  suggesting  crucial  roles  for  neutrophils  in  immune  mod¬ 
ulation. 

Very  little  is  known  about  the  role  of  neutrophils  during 
infection  with  B.  anthracis  of  either  experimental  animal  mod¬ 
els  or  humans.  Several  groups  have  addressed  the  effects  of 
anthrax  toxins  on  neutrophils  (1,  14,  34,  40,  46,  57,  66,  67). 
However,  the  interaction  between  B.  anthracis  spores  and  neu¬ 
trophils  has  not  been  studied  in  great  detail.  Ross  suggested 
that  the  role  of  neutrophils  in  a  guinea  pig  aerosol  model  may 
be  minimal  (50).  In  these  experiments,  a  slight  increase  in 
neutrophils  in  the  walls  of  the  alveoli  was  noted,  but  their 
significance  was  equivocal  (50).  Results  of  our  previous  studies 
suggested  that  the  roles  of  neutrophils  during  an  anthrax  in¬ 
fection  would  most  likely  be  secondary  to  those  of  macro¬ 
phages  (64).  In  these  studies,  peritoneal  exudates  from  A/J 
mice  (sensitive  to  Sterne  spore  challenge  [63])  and  CBA/J  mice 
(more  resistant  to  Sterne  spore  challenge  [63])  were  examined 
(64).  While  there  was  an  initial  lag  in  neutrophil  recruitment  in 
the  A/J  mice,  the  lag  was  temporary,  and  equal  numbers  of 
neutrophils  were  observed  with  both  A/J  mice  and  CBA/J  mice 
in  response  to  i.p.  injection  with  viable  Sterne  spores.  In  addi¬ 
tion,  it  was  shown  that  neutrophils  obtained  from  either  A/J 
mice  or  CBA/J  mice  could  phagocytose  and  kill  spores  simi¬ 
larly  (64).  However,  it  was  reported  that  the  more  sensitive  A/J 
strain  also  had  a  reduced  total  accumulated  number  of  mac¬ 
rophages  at  the  initial  site  of  infection  that  was  not  corrected 
with  time  as  was  the  lag  in  neutrophil  accumulation  (64).  Thus, 
the  results  correlated  the  increased  susceptibility  of  the  A/J 
mice  with  reduced  numbers  of  monocyte  precursor  cells  and 
inadequate  numbers  of  functional  macrophages  rather  than  a 
delayed  neutrophil  response  (64). 

The  importance  of  neutrophils  in  human  anthrax  infection  is 
also  largely  unexplored.  In  2001,  Grinberg  et  al.  reexamined 
the  human  specimens  obtained  from  autopsies  of  victims  of  the 
inhalational  anthrax  epidemic  in  Sverdlovsk,  Russia,  in  1979 
(20).  Upon  quantitative  microscopic  analysis  of  the  samples, 
they  determined  that  patients  with  a  short  survival  time  had  an 
inflammatory  response  dominated  by  the  presence  of  neutro¬ 
phils,  whereas  an  inflammatory  response  that  included  larger 
numbers  of  mononuclear  cells  (including  macrophages)  corre¬ 
lated  with  increased  patient  survival  time  (20).  Taken  together 
with  experimental  animal  models  (48,  62),  these  results  suggest 
the  importance  of  a  robust  macrophage  response  to  a  chal¬ 
lenge  with  B.  anthracis  spores. 

In  conclusion,  these  data  suggested  that  in  our  BALB/c 
mouse  models  of  the  early  pathogenesis  of  anthrax,  macro¬ 
phages  were  critical  to  host  survival  of  either  an  intraperitoneal 
or  inhalation  infection  with  B.  anthracis  spores.  In  addition,  in 
our  models,  neutrophils  apparently  played  a  secondary,  but 
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necessary,  role  in  a  fully  functional  innate  immune  response  to 
spores. 
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